This study investigated whether the same cytochrome P-450 (P-450) isoenzymes were inducible in cultures of chick-embryo hepatocytes as in the liver of chicken embryos. We purified two isoenzymes of cytochrome P-450 from the livers of 17-day-old-chick embryos: one of molecular mass approx. 50 kDa induced in vivo by the phenobarbital-like inducer glutethimide, and the second of approx. 57 kDa induced by 3-methylcholanthrene. Rabbit antiserum against the 50 kDa protein inhibited benzphetamine demethylase activity in hepatic microsomes (microsomal fractions) from glutethimide-treated chick embryo. Antiserum to the 57 kDa protein inhibited ethoxyresorufin de-ethylase activity in hepatic microsomes from methylcholanthrene-treated chick embryo. Cultured chick hepatocytes were treated with chemicals known to induce isoenzymes of P-450 in rodent liver. The induced P-450s were quantified spectrophotometrically and characterized by immunoblotting and enzyme assays. From these studies, chemical inducers were classified into three groups: (i) chemicals that induced a P-450 isoenzyme of 50 kDa and increased benzphetamine demethylase activity: glutethimide, phenobarbital, metyrapone, mephenytoin, ethanol, isopentanol, isobutanol, lindane, lysodren; (ii) chemicals that induced a P-450 isoenzyme of 57 kDa and increased ethoxyresorufin de-ethylase activity: 3-methylcholanthrene and 3,3',4,4'-tetrachlorobiphenyl; and (iii) the mono-a-substituted 2,3',4,4',5-pentabromobiphenyl, which induced both proteins and both activities. The immunochemical data showed that chick-embryo hepatocytes in culture retain the inducibility of glutethimide-and methylcholanthrene-induced isoenzymes of P-450 that are inducible in the liver of the chicken embryo.
INTRODUCTION
The cytochrome P-450s (P-450s) are a family of haemoproteins ofthe endoplasmic reticulum that catalyse the oxidative metabolism of a number of endogenous and exogenous substances. This oxidative metabolism most often leads to the conversion of a lipophilic compound into a more polar compound that is readily excreted, but the P-450s can also convert compounds into more reactive molecules, including activated carcinogens and toxins [for a review, see Guengerich (1988) ]. Multiple isoenzymes of P-450 have been identified in experimental animals (Black & Coon, 1986) and humans (Beaune et al., 1986; Wrighton et al., 1986) . All have protohaem IX as prosthetic group, but differ in their protein moieties. Some isoenzymes of P-450 are found in untreated animals, whereas others can be highly induced by exposure to chemicals (Black & Coon, 1986) .
As an alternative to animals, primary, non-proliferating, monolayer cultures of hepatocytes have been used by many workers to study the induction of P-450. These cultures can be maintained in a chemically defined, serum-free medium, while retaining a diverse array of liver-specific functions (Reid & Jefferson, 1984) . Rat hepatocyte cultures have been used to study carcinogen and hepatotoxin activation that is mediated by P-450. However, rat hepatocytes in culture rapidly lose a large portion of their P-450, as determined spectrally and enzymically (Forster et al., 1986) . By using antibodies to specific isoenzymes of rat cytochrome P-450, it has been found that there are differential losses of the various isoenzymes of cytochrome P-450 in rat hepatocyte cultures (Steward et al., 1985) . By contrast, we found that, in chick-embryo hepatocytes in culture, isoenzymes of P-450 remain as inducible as in the intact embryo liver (Althaus et al., 1979; Sinclair et al., 1979 Sinclair et al., , 1981 . This conclusion was based on studies in which the inductions of the isoenzymes were detected by increases in specific enzyme activities and their mobility on polyacrylamidegel electrophoresis (PAGE).
Purification of some isoenzymes of P-450 from chick liver has been recently reported. Ades (1983) purified a P-450 of 54 kDa from phenobarbital-treated chick embryo, Oron & Bar-Nun (1984a) purified a protein of 56 kDa from phenobarbital-treated rooster, and Brooker et al. (1983) purified a P-450 of 50 kDa from chick embryos treated with allylisopropylacetamide. Using a polyclonal antibody prepared against rat phenobarbitalinduced P-450, Oron & Bar-Nun (1984a,b) detected induction by phenobarbital of a 50 kDa protein in primary cultures of chick-embryo hepatocytes.
We now report purification of two isoenzymes of P-450 from chick-embryo livers treated with glutethimide (GLUT) or 3-methylcholanthrene (MC) : an isoenzyme of approx. 50 kDa (designated 'P-450GLUT') induced by GLUT, a powerful phenobarbital-like P-450 inducer in chick embryo (Rifkind et al., 1973) , and an isoenzyme of approx. 57 kDa (designated 'P-450Mc') induced by MC. Specific polyclonal antibodies were prepared against these isoenzymes of P-450 and were used to establish that the isoenzymes induced by GLUT and MC in chick embryos were also induced in culture by a number of chemicals. The results were compared with the reported abilities of these chemicals to induce specific isoenzymes of P-450 in rat liver and in rat hepatocyte cultures.
A preliminary report of this work has been presented in abstract form (P. Sinclair et al., 1986 Chick embryos (300 in all, 15 days old) were each injected with 6 mg of GLUT in 0.2 ml of DMSO. After 48 h, livers were removed, rinsed in saline (0.9 0 NaCI) and homogenized (250, w/v) After dialysis against 20 vol. of buffer A without cholate, Lubrol PX was removed by repeating the hydroxyapatite chromatography, but replacing the Lubrol PX of buffer C with 0.6 % cholate. The column was washed with 20 bed volumes of this buffer C and then the P-450 was eluted with 150 mM-potassium phosphate in buffer C. The eluted protein was extensively dialysed against 20 vol. of 100 mM-potassium phosphate/ 20 % glycerol/0. 1 mM-EDTA, pH 7.5, to remove cholate.
Purification of P-450MC
Chick embryos (300; 15 days old) were each injected with 0.5 mg of MC in 0.2 ml of DMSO. After 48 h, livers were removed and a microsomal fraction was prepared and stored as previously described for purification of P-450GLUT-Microsomes were resuspended at 6.5 mg of protein/ml in 20 mM-potassium phosphate/20 00 glycerol, solubilized with 0.2 % Lubrol PX/ 1.00 cholate, and the protein precipitating between 6 and 20 % poly(ethylene glycol) was collected. The poly-(ethylene glycol) pellet was resuspended in buffer A and was applied to a DEAE-Sephacel column which had been equilibrated in buffer A. The column was washed with one bed volume of buffer A, which eluted most of the P-450 with other unbound proteins. The column was then washed with a one bed volume of buffer B, which eluted a minor band of P-450. The unbound fraction containing most of the cytochrome P-450 was adjusted to pH 6.5 with HCI and applied to a CM-52 cellulose column which had been equilibrated in 5 mM-potassium phosphate/2000 glycerol/0.200 Lubrol/1 mM-DTT/ 0.1 mM-EDTA, pH 6.5. The column was then washed with stepwise increases of potassium phosphate (20, 75 and 200 mM) in the above buffer. The main band of P-450 was eluted at 75 mM-potassium phosphate and was used for production of rabbit antibodies, because attempts at further purification by hydroxyapatite chromatography led to unacceptable loss of P-450.
Production of antibodies in rabbits
The method was essentially that of Fasco et al. (1981) . P-450GLUT (200,tg) in Freund's complete adjuvant was injected intradermally. After 6 weeks the procedure was repeated with 40 jtg of antigen in Freund's complete adjuvant. Then 4 weeks later, 40,ug of antigen in 0.25 ml of 0.90 NaCl was injected into an ear vein, and, 7 days later, blood was collected from a lower ear vein.
Antiserum against the P-450MC was prepared by the same procedure except that 100 ,tg of purified P-450MC was used for the initial immunization.
Immunoadsorption of anti-P-450GLUT serum Anti-P-450GLUT serum was immunoadsorbed against microsomes from untreated chick-embryo liver immobilized on CNBr-activated Sepharose 4B as follows. The microsomes were solubilized in 0.05 M-potassium phosphate/20 00 glycerol/0.5 mM-EDTA/1I cholate/ 0.20 Lubrol PX, pH 7.4, and then centrifuged at 100000 g for 60 min. The supernatant was then dialysed overnight against 10 vol. of 0.1 M-NaHCO3(pH 8.5)/ 0.20% Lubrol PX. CNBr-activated Sepharose 4B was washed according to the manufacturer's instructions, and incubated with solubilized microsomes at the ratio of 15 mg of protein to 1 ml of gel. For the adsorption, 7.5 ml of serum was added to 3.5 ml of the gel and the mixture incubated overnight at 4°C with rocking. After centrifugation, the serum was decanted and stored frozen.
Preparation of IgG
IgG was prepared from sera using Protein ASepharose as described by Ey et al. (1978) .
Detection of P450 isoenzymes by immunoblotting
Immunochemical detection was performed using modifications of the method of Towbin et al. (1979 Hepatocyte cultures Primary cultures from livers of 16-day-old WhiteLeghorn-chicken embryos were prepared and maintained in Williams E medium as described previously (Sinclair et al., 1982) . Chemicals were added during the second day of culture after rinsing cells twice with Williams E medium containing dexamethasone and tri-iodothyronine, but not insulin. Compounds ofpoor water solubility were added in DMSO (maximum concn. 4,tl/ml of culture medium). When alcohols were added to the cells, 20 mM-Hepes, pH 7.4, was added to the medium and the plates were wrapped in plastic films as described by Sinclair et al. (1981) . Microsomes were prepared from homogenates of cultured cells as described previously . Assays Spectral determinations of cytochrome P-450 were performed by the method of Omura & Sato (1964) , an absorption coefficient of 91 mM-' cm-' for the difference in absorption between 450 and 490 nm being used. SDS/ PAGE was by the method of Laemmli (1970) , with lactate dehydrogenase (36 kDa), aldolase (41 kDa), fumarase (49 kDa), catalase (57 kDa) and bovine serum albumin (66 kDa) as molecular-mass standards. Ethoxyresorufin de-ethylase (EROD) was measured by a modification of the direct fluorimetric method of Burke et al. (1985) as described by Sundstrom et al. (1988) . Benzphetamine demethylase (BPDM) activity was measured as described by Sinclair et al. (1981) . Protein determinations were by the method of Lowry et al. (1951) , with bovine serum albumin as standard. Antibody inhibition of enzyme activities Microsomes (50 pmol of P-450 in 0.1 ml of 0.1 Msodium phosphate, pH 7.4) were preincubated with preimmune or immune IgG at room temperature so that total IgG was 20,tg/pmol of P-450. The preincubation was 20 min for anti-P-450GLUT and 10 min for anti-P-450MC* Then the assay reagents (substrate, NADPH-generating system and MgCl2) were added and the mixture incubated at 37°C for 30 min for BPDM and 10 min for EROD. Preimmune IgG had no effect on BPDM or EROD.
RESULTS
Purification of P450GLUT from chick-embryo liver A 48 h exposure to the drug glutethimide increased microsomal hepatic proteins of 50 and 53 kDa as compared with untreated chick-embryo liver (Fig. 1,  lanes 4 and 6) . The purification of the 50 kDa protein, P-450GLUT, is summarized in Table 1 . During chromatography on DE-52 DEAE-cellulose, haemoproteins were separated into three fractions ( Fig. 1) : (i) an unbound fraction, (ii) a fraction eluted with 20 mM-potassium phosphate and (iii) a fraction eluted by the KCl gradient. This last fraction was not further purified. The second fraction from the DE-52 column was further purified by hydroxyapatite chomatography, yielding a protein of 50 kDa (Fig. 1, lane 3 Burchell et al. (1983) .
Purification of P450MC
A 48 h exposure of chick embryos to methylcholanthrene increased a microsomal protein of 57 kDa (Fig. 1, lane 5 ) not present in untreated liver (lane 4). The purification of P-450MC is summarized in Table 1 . The major P-450 fraction that was not retained by the DEAE-Sephacel column was bound by CM-52 cellulose. The haemoprotein was eluted from the column at 75 mMpotassium phosphate. The combined fractions had an average specific content of 8.1 nmol of P-450/mg of protein (Fig. 1, lane Sinclair, unpublished work) . To test the specificities of the antibodies raised to each P-450 species, chick-embryo liver microsomes from both glutethimide-and methylcholanthrene-treated chicken embryos were preincubated with IgG prepared from antisera to P-450GLUT and P-450MC before measuring the enzyme activities. Anti-P-450GLUT inhibited BPDM activity by 7500 in GLUTinduced microsomes (Fig. 2a) , but did not inhibit EROD activity in MC-induced microsomes (Fig. 2b ). Anti-P450Mc completely inhibited EROD activity in MCinduced microsomes (Fig. 2b) , but also inhibited BPDM activity in GLUT-induced microsomes to some extent (Fig. 2a) .
Immunochemical analysis of isoenzymes of cytochrome P-450 in chick hepatocyte cultures after treatment with various inducing chemicals
In the past we have characterized the induction of P-450 isoenzymes in the cultured cells by the following criteria: shift of absorption peak, appearance of induced proteins on SDS/PAGE and changes in specific enzyme activities (Althaus et al., 1979; Sinclair et al., 1981 Sinclair et al., , 1982 ). Here we have compared these criteria with immunoblot analysis. Fig. 3 and Table 2 present results with microsomes from chick hepatocyte cultures treated with chemicals that are known to induce various isoenzymes of hepatic P-450 in intact animals. The concentrations of these chemicals were previously established to be optimal in the culture for induction of P-450 determined spectrally or enzymically. In the immunoblots shown in Fig. 3 , the 50 kDa protein detected by anti-P-450GLUT was detected in untreated as well as treated cells. Chemicals which induced BPDM and total P-450 (Table 2 ) also gave increased intensity of staining. Purified P-450GLUT (Figs. 3c and 3g, lanes 16 and 30) reacted with anti-P-450GLUT, whereas purified P-450MC (Fig. 3c, lane 17) did not. MC (Figs. 3b, 3d and 3f, lanes 3, 10 and 20) increased a 57 kDa protein that reacted strongly with anti-P-450Mc, but only slightly increased the 50 kDa protein that reacted with anti-P-450GLUT (Figs. 3a, 3c , 3e and 3g, lanes 3, 10, 20 and 25). The purified P-450MC (lane 17)
reacted with anti-P-450Mc, but purified P-450GLUT (lane 18) did not. The iftensities of the blot varied somewhat from experiment to experiment, as seen by variation in the microsomes from untreated cells (Fig. 3, lanes 1, 18  and 24 ). The immunoblots shown in Figs. 3(e), 3(g), and 3(f) are more intense, owing to a longer development time. Increases in the 57 kDa protein corresponded with increased EROD activity (Table 2). 3,3',4,4'-Tetrachlorobiphenyl at 0.1 /tM maximally induced EROD, with a slight increase of BPDM (Table   2 ). However, at 3.4#,M-tetrachlorobiphenyl, EROD activity was decreased (Table 2) , as found previously with high concentrations of this biphenyl (P. . The decrease in EROD activity appears to be reflected in decreased intensity of staining in the immunoblot with anti-P-450Mc (Fig. 3b, lanes 8 and 9) , a finding reproduced in several experiments. It also appears that 3.4 ,tM-tetrachlorobiphenyl decreased the 50 kDa protein (Fig. 3, lane 9) . However, this latter result was found to be variable. Similar effects on enzymic activities were obtained with high and low concentrations of 2,3',4,4',5-pentabromobiphenyl (Table 2 ). The decrease in EROD activity at high pentabromobiphenyl concentration was associated with decreased staining with anti-P-450Mc of the 57 kDa protein. However, the higher concentration of this biphenyl increased both the 50 kDa protein and further increased BPDM activity (Fig. 3e,   lanes 22 and 23; Table 2 ). This pattern of induction of both isoenzymes of cytochrome P-450 by mono-z-substituted biphenyls also occurs in rodents (Parkinson et al., 1980) . Aroclor 1254, a mixture of chlorinated biphenyls, also increased both proteins and both enzyme activities (Fig. 3, lane 21) . Isosafrole caused a slight, but detectable, increase in the 57 kDa protein (Fig. 3, lane 5) . In rats, isosafrole induces the P-450d isoenzyme, one of the two isoenzymes induced by MC (Thomas et al. 1983) . Fig. 3(g) shows immunoblots of cells which had been treated with ethanol, 3-methylbutan-1 -ol and 2-methylpropan-1-ol. We had previously concluded from assays of BPDM, EROD and biphenyl hydroxylation that the P-450 induced by these alcohols has properties similar to the cytochrome induced by propylisopropylacetamide treatment (Sinclair et al., 1981 (Sinclair et al., , 1982  J. . With the anti-P-450GLUT serum, the immunoblot shows that the alcohols increased a protein of 50 kDa. However, unlike MC, the alcohols did not increase the P-450 of 57000 kDa detected by anti-P-450Mc. Oron & Bar-Nun (1984a) have reported that phenobarbital treatment of chick-embryo hepatocyte cultures increased synthesis of a protein of 56 kDa that was detected with the antibody they prepared to a protein purified from phenobarbital-treated roosters. We found treatment of the cells with 1 mM-sodium phenobarbital, in experiments similar to those shown in Fig. 3 , increased the same protein of 50 kDa that was increased by treatment of cultures with propylisopropylacetamide or glutethimide (results not shown; Lincoln et al., 1988) . Anti-P-450GLUT did not detect a 56 kDa protein, nor did anti-P-450Mc detect a protein of 57 kDa in phenobarbitaltreated cells. In the same experiment, 10 /M-chlordane, like phenobarbital, was found to increase the 50 kDa, but not the 57 kDa, protein (results not shown). Chick liver cell microsomes from the same experiment described in the legend of Table 2 , or similar experiments, were electrophoresed, the proteins transferred to nitrocellulose and immunochemically detected with either anti-P-45OGLUT (a, c, and g) at 50 kDa or anti-P-450Mc (b, d and f) (57 kDa) as described in the Materials and methods section. The second antibody was conjugated with alkaline phosphatase. Unless shown, the amounts of inducing chemical used are those given in 0.075 (0.07, 0.08) 0.66 (0.65, 0.67) 0.92 (0.89, 0.94) 0.97 (0.97, 0.97) 0.67 (0.64, 0.70) 0.65 (0.63, 0.67) 0.41 (0.40, 0.42) 0.84 (0.78, 0.89) 0.78 (0.77, 0.79) 0.32 (0.30, 0.33) 0.28 (0.27, 0.28) 0.17 (0.17, 0.17) 0.26 (0.25, 0.28) 0.19 (0.18, 0.19) 0.34 (0.33, 0.35) hepatocytes accumulated either or both of the two isoenzymes depending on the chemical treatments. The antibodies to the purified isoenzymes were highly effective in inhibiting the appropriate enzyme activities catalysed by P-450s in microsomes from induced chick embryos (Fig. 2) or from cultured hepatocytes (S. Sundstrom, J. Sinclair, L. Smith, P. Sinclair, unpublished work; Sinclair et al., 1989) . The results suggest that the isoenzymes purified from livers of GLUT-or MC-treated embryos are the major isoenzymes of P-450 induced by GLUT or MC which catalyse BPDM and EROD respectively. The antibodies did not cross-react with the inappropriate protein, as indicated by the immunoblotting (Figs.  3a-3g ). We do not know why there was partial inhibition of BPDM in microsomes from GLUT-induced embryos by anti-P-450MC (Fig. 2) . This antibody did not detect the 50 kDa protein in immunoblots (Fig. 3) . Further separation techniques will be needed to resolve whether more than one protein is present in the major molecular-mass regions of the purified proteins as detected by SDS/ PAGE and immunoblots. Reverse-phase h.p.l.c. of the purified P-450GLUT failed to detect more than one major peak (T. Ciardelli, J. Healey & P. Sinclair, unpublished work) .
Other workers have used immunochemical techniques to detect induction of cytochrome P-450 of 50 kDa in liver of chicken embryos or chick hepatocyte cultures treated with phenobarbital-like inducers (Brooker et al., 1983; Oron & Bar-Nun, 1984a,b; Bulgheroni, 1985) . Brooker et al. (1983) found that mRNA for the 50 kDa protein was inducible in chick-embryo liver by phenobarbital but not by MC or PCN, known inducers of other P-450 isoenzymes in rats. We also found that the mRNA for the 50 kDa protein was induced in the cultured hepatocytes by propylisopropylacetamide or GLUT (Hamilton et al., 1988) . Oron & Bar-Nun (1984a) reported that synthesis of a 56 kDa protein in cultured chick-embryo hepatocytes was increased in phenobarbital-treated, but not in untreated, cells. Subsequently, Oron & Bar-Nun (1984b) detected increased synthesis of both 50 and 54.5 kDa proteins induced by phenobarbital in the cultures using antibody to the major phenobarbital-induced P-450 of rat liver. This 54 kDa isoenzyme may be that purified by Ades (1983) . Bulgheroni (1985) detected increased synthesis of a 50 kDa protein induced in chick hepatocyte cultures treated with mephenytoin. We conclude that the induced chick 50 kDa protein we have designated 'P-450GLUT' is probably the same as the 50 kDa P-450 described by these other workers. We found that antibody to the chicken 50 kDa protein sent to us by Dr. B. May (Department of Biochemistry, University of Adelaide, Adelaide, Australia) also detected, in immunoblots, a 50 kDa protein in induced microsomes from chick embryos treated with glutethimide (results not shown).
The antibody to the major MC-induced form of cytochrome P-450 isolated in the present study completely inhibited EROD activity (Fig. 2b) , indicating that we have isolated the major form of P-450 that catalyses EROD in hepatic microsomes from MC-treated chick-embryo liver or hepatocytes. The antibody to this isoenzyme has also been used to study the mechanism of the uroporphyria caused by many halogenated aromatic hydrocarbons [Sinclair et al., 1987; Jacobs et al., 1989 (the following paper)].
Our studies using immunoblots established that 50 and 57 kDa P-450 isoenzymes accumulated after treatments of chick-embryo hepatocytes with various chemicals. MC-like inducers increased both the 57 kDa protein and EROD activity. Those phenobarbital-like inducers in this culture system based on other criteria (Althaus et al., 1979; Sinclair et al., 1981; ), all increased the major 50 kDa protein induced by GLUT.
The chemicals examined as inducers of P-450 isoenzymes in the chick culture were selected on the basis of their known inducing effects in both this system and in rodents. PCN, phenobarbital, chlordane, lysodren and the alcohols all increased the 50 kDa P-450GLUT in our studies. In rats, PCN, phenobarbital and chlordane induce both P-450p and P-450b in intact animals, whereas only P-450p is induced in cultures of rat liver hepatocytes (Schuetz et al., 1986) . Metyrapone was reported to be a potent inducer of total cytochrome P-450 in chick-embryo liver and liver cultures (Giger & Meyer, 1982) and in rat liver, but not in rat liver cultures (Lake & Paine, 1983) . Lysodren has been shown to be a persistent phenobarbital-like inducer of P-450b in rat liver (Yoshioka et al., 1984) and, in the chick liver culture, is the most potent phenobarbital-like P-450 inducer we have yet found (J. Bement & P. Sinclair, unpublished work). Ethanol induces both P-450b and P-450j in rats (Johanssen et al., 1988) .
In a previous study, the abilities of aliphatic alcohols and 5-substituted pyrazoles to induce P-450 were shown by structure-activity relationships to be correlated with the lipophilicity of the compounds (J. . This correlation may also hold for all the otherwise structurally unrelated compounds which were found in the present study to increase the 50 kDa isoenzyme of P-450. We found that even MC and 3,3',4,4'-tetrachlorobiphenyl, both highly lipophilic compounds, increased the 50 kDa isoenzyme and BPDM to some extent (Table  2 , Fig. 3 ).
In summary, in the present study, we have shown by immunochemical criteria that the major P-450s induced by MC and GLUT in the intact chick-embryo liver are also inducible in cultures of chick-embryo hepatocytes. This is in contrast with many studies of cultures of rat hepatocytes in which the P-450b isoenzyme, the major phenobarbital-inducible form, is poorly inducible (Forster et al., 1986; Newman & Guzelian, 1982) , thus limiting usefulness of these cultures. Induction of mRNA and apoprotein of P-450b in rat hepatocyte cultures has been reported recently to be markedly improved by maintaining the cultures on an extracellular biomatrix isolated from a murine sarcoma (Bissell et al., 1987; Schuetz et al., 1988) . In contrast with the rat hepatocytes, the chick hepatocytes in culture, as described in the present paper, require no special conditions for maintenance and inducibility of different cytochrome P450s.
